Empirical antifungal therapy is frequently used in hematology patients at high risk of invasive aspergillosis (IA), with substantial cost and toxicity. Biomarkers for IA aim for earlier and more accurate diagnosis and targeted treatment. However, data on the costeffectiveness of a biomarker-based diagnostic strategy (BDS) are limited. We evaluated the cost effectiveness of BDS using results from a randomized controlled trial (RCT) and individual patient costing data. Data inputs derived from a published RCT were used to construct a decision-analytic model to compare BDS (Aspergillus galactomannan and PCR on blood) with standard diagnostic strategy (SDS) of culture and histology in terms of total costs, length of stay, IA incidence, mortality, and years of life saved. Costs were estimated for each patient using hospital costing data to day 180 and follow-up for survival was modeled to five years using a Gompertz survival model. Treatment costs
were determined for 137 adults undergoing allogeneic hematopoietic stem cell transplant
Introduction
Invasive fungal disease (IFD) contributes to significant morbidity and mortality in haematology patients at high risk for IFD such as those undergoing allogeneic stem cell transplantation (SCT) and induction-consolidation chemotherapy for acute leukemia. 1, 2 Because culture and histology are not sensitive for the diagnosis of IFD, empiric antifungal therapy (EAFT) is commonly given in patients with persistent neutropenic fevers despite broad-spectrum antibiotics. However, such widespread use of EAFT is associated with overtreatment, toxicity and excess cost. Biomarkerbased diagnostic strategies (BDS) that aim to diagnose IFD at an early stage and avoid unnecessary antifungal use have good potential to improve patient survival. A BDS typically includes regular use of galactomannan (GM) and/or Aspergillus polymerase chain reaction (A-PCR) in conjunction with use of high-resolution computerized tomography scan of the chest (HRCT) in the setting of persistent fevers. 3 We had performed a randomised controlled trial (RCT) comparing a strategy comprising GM and A-PCR with a cultureand histology-based directed strategy and found that BDS reduced EAFT use. 4 Treatment of IFD is associated with significantly increased costs, 5 primarily due to expensive drugs. 6 Trials utilizing BDS have demonstrated decreased EAFT use and an observational study found cost savings using this approach. 4, [7] [8] [9] However, data on the cost effectiveness of this approach have been limited to modelling analyses and have not previously been evaluated using individual patient costing data from an RCT. 10 We aimed to determine the cost and cost-effectiveness of a BDS compared with a standard diagnostic strategy (SDS) using outcome and individual patient costing data generated from hospital finance departments and the results of a trial conducted by our research group.
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Patients and methods: Perspective
The economic modelling was conducted from an Australian public hospital perspective, encompassing all costs from time of enrolment in a recently published RCT until 180 days. 4 Original data were collected from September 2005
to November 2009.
Study design and model inputs
A decision analytic model was developed to compare the costs of a BDS with the costs of a SDS of culture and histology ( Fig. 1) . Chance nodes represented the probability of mortality at each time point.
Outcomes
Clinical data regarding the diagnostic strategy, diagnosis of IFD and outcomes were taken from patient-level data obtained in the aforementioned RCT that compared the efficacy and safety of BDS with SDS in patients undergoing allogeneic SCT or intensive combination inductionconsolidation chemotherapy for acute myeloid or lymphoblastic leukaemia. 4 Costing data were available for four of the six trial sites (see below). Mortality was determined at 180 days for both the BDS and SDS study arms and the data were extrapolated to 360 days, as well as each of one to five years based on the findings of Lee et al. 11 A Gompertz survival function was fitted to allow for a proportional hazards specification of mortality on the basis of inputs from the RCT conducted by our group and Lee et al. 4, 11 To validate our assumptions, we compared our fit Gompertz model with Weibull, log-logistic and exponential models (see Supplemental Fig. 1 ). 12 Life-years saved were calculated on the basis of this mathematical model of mortality. 
Standard diagnostic strategy (SDS) pathway
In brief, SDS was based on 2002 guidelines for antimicrobial use in neutropenic patients with cancer. 13 an Aspergillus genus-specific region of the multicopy 18S ribosomal RNA gene was used. Amplification of a 249-base-pair band was taken as a positive PCR result. This assay was subsequently adapted to a qualitative real-time PCR format that incorporated an Aspergillus-genus-specific TaqMan probe, which had excellent reproducibility with the nested assay. For the qualitative real-time PCR assay, an exponential increase in fluorescence during the first 30 cycles of PCR amplification was regarded as a positive result. All positive results were verified by repeat testing.
A single positive GM or A-PCR, or serially negative results for both tests in patients with persistent neutropenic fevers, prompted HRCT scan of chest. IFD was likewise defined according to modified EORTC/MSG criteria. Briefly, we assigned the same weight for PCR as GM in the EORTC/MSG criteria; adopted stricter criteria for possible invasive aspergillosis, which required mycological evidence in addition to clinical factors; interpreted intermittently positive results as recommended by Halliday and colleagues and classified a single positive result with no clinical features as not indicative of invasive aspergillosis. 4, 14 Antifungal treatment was recommended when the criteria for probable or possible IA or other IFD were met. 4 
Cost calculations
Costing data were obtained from the clinical costing units of four sites (Alfred Health, Royal Melbourne Hospital, Westmead Hospital, and St. Vincent's Hospital Sydney). These data included ward, pharmacy, pathology, and imaging costs that were calculated for each patient per hospital admission. All costs are expressed in 2015 US dollars adjusted for exchange rates at the time of the service being provided. GM cost was US$14.80, and A-PCR cost was US$23.40 per sample, based on data from our previous trial. 4 Itemized costs of hospital admissions
were not available, and costs of outpatient clinic visits were not included. Patients with missing costing data for their enrolment admission were excluded (Fig. 2) . Cost effectiveness was measured in quality-adjusted life years (QALYs). 
Results
Clinical outcomes
A total of 137 patients were included in the analysis, 68 (49%) in SDS and 69 in BDS arms. 6%] in BDS, P = .033). All-cause mortality was 14.7% (10/68) for SDS and 10.1% (7/69) for BDS (P = .573).
Costs of diagnostic strategies and diagnosis of invasive aspergillosis
The Detailed costing data were available for three of four sites (n = 112) and are summarized in 
Cost effectiveness analysis
The results of the cost effectiveness analysis are summarized in Table 2 . A Gompertz model was selected over other models as it had the most clinical plausibility (Supplemental Fig. 1 ). With the costs being similar between the two arms, evidence of cost-effectiveness for BDS was dependent on this strategy being associated with a mortality benefit. In our model using data from Lee et al., 11 BDS was not cost effective in the short term but proved cost effective in the longer-term (approximately 1.5 years) assuming a cost-effectiveness threshold of US$50,000 (see Table 2 ). 15 Use of different pricing for GM and A-PCR did not change the final outcome of the analysis as these investigations constituted a small proportion of total cost per patient (data not shown).
Discussion
Several previous trials have noted decreased EAFT use when a BDS was employed for managing IA. 4, 7, 8 Due to the high cost of antifungal drugs, this has led to speculation about possible cost savings through use of BDS, but this has not been studied systematically in a real-world setting. We evaluated the cost-effectiveness of BDS across four hematology and transplant tertiary centers in Australia using patientspecific costing data from patients enrolled in a pragmatic, randomised controlled trial.
Our key finding was that BDS was cost-effective, but this was dependent on a survival benefit and was only apparent after several years of follow-up. We found similar costs regardless of which strategy was used, despite a lower rate of EAFT in the BDS group. These data are valuable as they represent 'real-world' findings from a randomized controlled trial that included outcome data and matched individual patient costing records, thus minimizing the assumptions inherent to modelling studies. This may account for the difference between our findings and those of a recent study reported cost reduction through a BDS strategy. 10 Moreover, costs may have varied due to (i) differences in patient population since the study by Barnes et al. did not include patients undergoing allogeneic SCT; 10 (ii) prophylactic regimens (absence of mould-active prophylaxis in the study of Barnes et al.) , and (iii) background incidence of IA. An improved diagnostic strategy is likely to lead to more diagnoses of IA with subsequent increase in use of directed antifungal therapy and possibly longer length of stay. These increased costs may offset the savings in EAFT, as noted in our study where there was a significantly higher rate of probable or proven IA with BDS. 4 As BDS was not cost saving per se, BDS must have a survival benefit to be cost-effective. It has been postulated that earlier diagnosis of IA offered by BDS may improve survival. This has been difficult to demonstrate in previous trials as frequently they were not powered for mortality. 3 Our trial also noted a trend towards improved survival that was not statistically significant. 4 A recent study by Aguado et al. showed an increase in IA-free survival when GM and A-PCR were used concurrently as opposed to GM alone but both arms could be considered to be BDS as they incorporated the use of biomarkers. 16 Similar to our study, a meta-analysis and cost comparison of empirical versus BDS found 'economic equipoise' between empirical and preemptive therapy where the decreased antifungal treatment rates and duration were offset by the costs of BDS-increased IFD detection. 17 This analysis, however, did not look at cost-effectiveness and incorporated studies that used heterogeneous approaches to the diagnosis and treatment of IFD, highlighting the difficulties in extrapolating the results from one setting to another. Indeed, in our study, differences in cost and practice even existed between different centers within one healthcare system (see Supplementary  Table 1 ). The total costs in our study were in keeping with previous data and incorporated findings from multiple sites. 5, [18] [19] [20] [21] [22] Importantly, the costs of performing GM and A-PCR comprised only a small proportion of total costs (Fig. 2) . Improvements in biomarker technology and decreased costs of new technology are therefore unlikely to alter the findings of this study. Although individual data regarding other items contributing to costs were limited to three sites, it was interesting to note that clinical care cost was the highest contributor, as opposed to pharmacy costs. This has been noted in several studies 5, [18] [19] [20] [21] [22] but is different to previous findings from Ananda-Rajah et al. 6 This is possibly due to use of coding for quantitating IFD diagnoses in that study and underscores the importance of prospective data collection. 6 Cost-effectiveness is one of many factors that impact on the feasibility of implementing a BDS. Each institution needs to assess if BDS is appropriate by taking into consideration additional factors such as institutional choice of antifungal prophylaxis, incidence of IA and availability and turn-around-time for investigations, including GM and A-PCR. For example, our original trial found that a surveillance (i.e., twice weekly testing) BDS may have limited utility in a population receiving mould-active prophylaxis. This may have impacted our cost-effectiveness findings in the present study. However, there are also numerous 'moving targets': changing definitions of IFD, 23 changing drug costs (e.g., voriconazole and caspofungin becoming generic in 2016 in many countries), changing prophylaxis practice (e.g., increasing use of posaconazole and therapeutic drug monitoring), changing diagnostics (e.g., new imaging techniques 24 and use of GM to 'rule in' IFD vs. 'rule out' IFD 25 ) and changing hematology practice (e.g., different transplant techniques and the emerging use of molecularly-targeted therapies for acute myeloid leukemia). This will impact on the future performance and cost-effectiveness of diagnostic strategies.
Our study had limitations. First, BDS being cost-effective was contingent on a survival benefit. Although we noted a trend, this was not statistically significant. Nonetheless using "real-world" costing data we have demonstrated that BDS may not be cost-saving, which impacts upon design of future studies in this field by demonstrating the need for using a mortality benefit as the primary endpoint. It should also be noted that treatment approaches to IA diagnosed by A-PCR need further study and may change with more experience of its use in clinical practice. Second, our data pertain to the period of 2005-2009, hence limiting generalizability to current practice. Third, the evaluation of cost-effectiveness is based on projections from mortality data published by Lee et al., 11 which pertains specifically to AML patients undergoing allogeneic SCT. However, it should be noted that 78% of patients studied were hematology patients undergoing SCT, and it does provide a reasonable estimate of future survival for this group. Finally, more comprehensive data collection that itemizes costs per patient (e.g., outpatient visits, day-care center visits) would have been more informative and may have helped refine conclusions about in which population a BDS is most costeffective. Cost-effectiveness should therefore be incorporated into the design of future prospective trials as was the case in the RCT previously conducted by our group. 4 In addition, robust cost-effectiveness analyses are likely to be more feasible as we enter the era of 'Big Data' and improved costing systems.
In conclusion, we found that BDS is not cost saving but is cost-effective if associated with a survival benefit. Galactomannan and A-PCR test costs make up only a small proportion of the costs associated with a BDS, with clinical care contributing to most of costs regardless of management strategy. BDS has not as yet been widely adopted and defining the period and patient population at highest risk for IA may maximise its utility and cost-effectiveness. 26 Future implementation of BDS will require an institutionalspecific approach that takes into account local incidence of IA, patterns of antifungal prophylaxis and turn-around time of tests.
Supplementary material
Supplementary data are available at MMYCOL online.
Funding
This work was supported by the Australian National Health and Medical Research Council, Cancer Council New South Wales, Pfizer, Merck and Gilead Sciences.
